The stoichiometric approach in determining total evaporative water loss and the relationship between evaporative and non-evaporative heat loss in two resting bird species: passerine and non-passerine
Background
Birds change their thermal conductance in various ways. This is attained by changing the plumage position (compressing or ruffling) as well as by changing the blood inflow to the skin, which varies according to the needs of thermoregulation (vasomotor responses). Under cold stress, the skin vessels contract and the blood flow through the skin is minimal; however, when it is necessary to increase the heat loss due to a high temperature or increased activity, the blood flow through the skin increases considerably [1] [2] [3] [4] .
Birds are endothermic animals and possess the following characteristics, a relatively high and constant body temperature, which coincides with the maximum of the Boltzmann distribution of molecular energy, heat insulating covers, ability to change heat loss and metabolism that cannot fall below a minimal value in a state of rest, which is called the basal metabolic rate (BMR). Endothermic animals can change their thermal conductance properties over a wide range. In birds, this change is attained by changing the plumage position (pressing or ruffling) and the influx of blood to the skin, which varies according to the demands of thermoregulation (vasomotor reactions). At low temperatures, the blood vessels constrict, which results in minimal blood flow through the skin; however, when heat loss increases because of high ambient temperature (T A ), the blood flow through the skin significantly increases [5] [6] [7] [8] [9] . Thermal conductance in the context of this study is the measure of heat flow from the animal into the environment. This heat flow includes the transfer of heat from the internal parts of the body to the skin surface and from the skin surface through the feather cover into the environment. Low thermal conductance connotes high thermo-insulating properties, and high thermal conductance connotes low thermoinsulating properties. In essence, thermal conductance is a property that is opposite to heat insulation. Therefore, there are many methods of conductance in endothermic animals, depending on the degree of insulation, which varies at rest from the minimum (at low ambient temperatures when insulation is maximum, h l , with evaporation, h min , non-evaporative) to the maximum (at high ambient temperatures when insulation is minimal h u , with evaporation, h max , non-evaporative).
The ways of non-evaporative and evaporative conductance explains the existence of thermoneutral zone, which is the range of ambient temperatures in which minimal metabolism (basal metabolic rate, BMR) can be maintained at a constant level. The thermoneutral range is a phenomenon intrinsic only in endothermic animals. The existence of a thermoneutral range is not in accordance with physical models. It is formed as a result of the following independent properties of endothermic animals: (1) They have body covers that can change the thermal conductance from minimal to maximal; (2) The presence of vasomotor reactions capable of regulating blood flow to suit the requirements of thermal regulation; and (3) The inability for animals to decrease heat production below the level that determines the rate of basic physiological processes.
Endothermic animals exchange heat with the environment via four modes: conduction, convection, radiation and evaporation [10] . Evaporation is of significant ecological interest. Evaporation from an animal always results in a decrease in the temperature of the surface from which the evaporation occurs. Therefore, evaporation is a one-way transfer which causes heat loss from the organism. Biological evaporation always involves the loss of water which is a vital resource for nearly all biochemical processes. Evaporation is loss of heat via loss of body mass. Experimental determination of total evaporation has been performed for many species of birds using various methods and terms to describe the evaporative routes (e.g., [11] [12] [13] [14] [15] [16] [17] .
Total evaporative water loss (TEWL) at ambient temperature 25 °C is summarized in two reviews [18, 19] . The chief mechanisms for the transition of minimal to maximal heat loss are a change in plumage position, from ruffled to tightly pressed, the change in blood flow as a result of vasomotor reactions and adaptive rate of evaporation [2] [3] [4] .
First guidance for the direct weighing method for determines evaporative water loss was obtained from the studies of Hutchinson and Sykes [20] and Hutchinson [21, 22] on evaporation in the domestic fowl. Lasiewski et al. [15] using new techniques and equipments invented new methods different from the original method. A major disadvantage of the direct weighing method is that it does not permit the simultaneous determination of the energetic cost of evaporative cooling by monitoring oxygen consumption or carbon dioxide production, as is possible in the open flow method. My method is based on the law of conservation of mass where the total mass of the reactants equals the total mass of the products leading to the insight that the relations among quantities of reactants and products typically form a ratio of positive integers (stoichiometry). The method uses the metabolic rate (oxygen consumption) of the bird at different ambient temperature (T A ), respiratory quotient (RQ), the loss of body mass and the energetic equivalent of the loss of body mass (q) as the ratio between heat production and the loss of body mass at various ambient temperatures (T A ). It is known that mass loss in a bird exposed to controlled conditions is due to three major factors [15] : (a) gaseous exchange-any excess of the weight of CO 2 produced over the weight of O 2 consumed, (b) fecal and urinary loss, and (c) evaporative water loss. When the metabolic responses of the bird and RQ are known, one can easily account for total evaporative water loss.
The following questions are discussed in this paper: (1) How do the TEWL measurements based on the energy equivalent of the body mass loss (q) compare to the TEWL values obtained by the open flow method? (2) Then, based on data on the metabolic rate of birds, how data on TEWL can be used to determine the ratio between evaporative and non-evaporative heat loss in birds at different ambient temperatures?
Methods
The study was performed in Moscow Region at Zvenigorod Biological Station (55°44′N, 36°51′E). Two common species-one of passerine, European Greenfinch (Chloris chloris) and one of non-passerine, Budgerigar (Melopsittacus undulatus) birds with similar body masses were chosen for analysis.
All birds were maintained in large indoor aviaries at natural daylengths and temperatures for no less than 1 year. The aviaries were heated in the winter to maintain temperatures of 5-10 °C. These conditions facilitate accurate assessments of seasonal acclimatization [23] .
The energy values for non-molting birds were measured in the winter (November-January, February) and summer (late May-June, late August-September). Studies of seasonal variation in energy expenditure, both at rest and during performance, were conducted at experimentally controlled temperatures, where T A was varied from −20 °C to +45 °C to construct a thermal energy profile of each of the studied species.
Measurements of body mass variations in birds
The following experiments were performed for more precise ascertainment of the speed at which food passes through the ali-mentary canal, and the character of mass variation at night. Post-absorptive birds were permitted to equilibrate in the dark for at least 3-4 h at the desired T A and humidity before measurements were made. All determinations were performed in darkened chambers to minimize the activities of the birds. Groups of five European greenfinch, or just greenfinch (Chloris chloris) and budgerigars (Melopsittacus undulatus) were placed immediately after the evening feeding in a light low cage with a net floor to facilitate droppings of excrements into a cuvette with liquid mineral oil, in which the excrement sank (to prevent evaporation of water). The cage and cuvette were connected to scale-levers, for the registration of mass variation at night.
Metabolic rate measurements
To improve the efficiency of determining the level of metabolism, I used three different methods of measurement of oxygen consumption and carbon dioxide exhaled. Oxygen consumption is determined using Kalabukhov's closed-loop respirometer system [24] with my modifications [25, 26] in all the birds and at all studied ambient temperatures. The apparatus operates on the following principle: oxygen is consumed by the bird and the expired carbon dioxide is immediately absorbed. The decrease in gas pressure causes oxygen to be drawn from the container into the bird chamber (Fig. 1) . Then an equal amount of water flows from the burette into the container through the water-type pressure valve to replace the oxygen. Oxygen consumption can be read from the water level in the burette. During the experimental period the pressure inside the respirometer is slightly lower than the atmospheric pressure.
The birds were placed in a small cage with a wire mesh floor, which was subsequently placed in a sealed Plexiglas chambers in the dark. The chambers were connected to a ventilation pump [ Fig. 1(2) ], and the volume of a chamber was 4 L (250 × 145 × 110 mm). After 2-3 h, when the birds were asleep and the temperature in the chamber had stabilized, the chamber was connected to a device to measure the oxygen consumption [ Fig. 1(5) ]. The alkali CO 2 absorbent KOH was placed in the chamber under the cage floor. The chambers were equipped with calibrated thermistors [ Fig. 1(6) ], and the temperature in the chamber was remotely monitored using an Electronik-16 potentiometer recorder (Electronschik, Russia). The chamber was placed in a thermostat or in the refrigerator. The measurements were obtained at no more than two temperatures for one night during the winter, and each measurement was obtained after acclimatization for 2-3 h. During the summer, the measurements were obtained at only one temperature because of short nights. The measurements were continuously obtained for 2-4 h, and the data were recorded every hour. The accuracy of measurements was ±0.1 °C for temperature, ±0.5 mm Hg for atmospheric pressure and ±0.2 mL for consumed oxygen volume. Measurements obtained using the respirometer were based on air pressure; therefore, they were sensitive to temperature changes. The data were not used when the temperature fluctuations with an hour in the sealed chamber exceeded 0.3 °C for at least. The average volume of consumed oxygen, calculated while obtaining the metabolic rate measurements, was transformed into volume at standard temperature and pressure and converted to kJ/day according to the following equation: 1 L of O 2 = 15.97 + 5.16RQ (kJ) [27] . Thus, the oxygen consumption was measured at rest at different ambient temperatures (−20 °C to +45 °C).
After measuring the metabolic rate (MR), the birds were weighed to the nearest 0.1 g, assessed for molt stage (the molt score was recorded) and released from the aviary at dawn. The body temperatures were registered after measuring the MR using a thermistor taped inside the cloaca and connected to a remote readout device.
In a series of experiments, the respiratory quotient RQ was determined using a Haldene gas analyzer, designed on the successive absorption of the components of the gas mixture (carbon dioxide is absorbed by alkali and oxygen through pyrogallol), to measure the volume of residual gas. Air samples from the sealed chamber, in which the birds breathed for 15 min, were collected into a special bag (Syringe A-7, 70 mL, using a soft tip). The volume of breathed air was measured in a gas meter, and the samples were analyzed for the O 2 and CO 2 concentrations. A known volume of the gas sample was first treated with KOH solution. The CO 2 concentration in the expired air was determined as the amount of CO 2 uptake through KOH corresponding to a decrease in the original volume of the gas sample analyzed. The remaining gas was exposed to alkaline pyrogallate (pyrogallic acid in KOH), which absorbs O 2 , to determine the concentration of oxygen in the expired air. Because the bird inhaled atmospheric air of a known composition (practically constant), determining the amount of O 2 utilized and CO 2 exhaled was a simple task. Based on these values, the RQ was calculated using the following formula: RQ = Volume of CO 2 exhaled/Volume of O 2 utilized. Benadé et al. [28] conducted experiments, in which the oxygen and carbon dioxide content and the RQ values obtained from the expired air samples using the Haldane technique, were compared with those obtained using paramagnetic and infrared analysis. No significant bias was observed between the Haldane and paramagnetic analyses of oxygen content. Infrared analysis showed more consistent results for CO 2 than those obtained using the Haldane apparatus. According to the calculated RQ values, the chemical and physical methods were nearly identical. Thus, physical methods, when properly used and frequently calibrated, are as accurate as the accepted standard chemical methods [28] .
Thus, I measured the resting energy expenditure and respiratory quotient in passerine and non-passerine species of during the winter and summer. The measurements were obtained at different temperatures ranging from +5 to +35 °C.
Using a third series of measurements, I determined the oxygen consumption and carbonic gas exhalation in birds using a FoxBox C flow-through respirometer (Sable Systems Inc.). Simultaneously the rate of air passage through the chamber, temperature in the chamber, and the concentration of carbonic gas and oxygen were recorded. The intensity of ventilation of the respirometer chamber (passage rate) was set within 600-850 mL/ min. Air was continuously blown through the hermetic respiration chamber in which the bird was located. The rate of oxygen consumption and carbonic gas exhalation was calculated as the difference between the concentration of these gases at the output of the respiration chamber containing the bird and the output of a similar empty chamber, multiplied by the rate of air passage through the chamber. The concentration of carbonic gas and oxygen in the respiration chamber containing the bird and a similar empty chamber was successively measured for 24-30 and 6-10 min, respectively. The readings were obtained once every 10 s. Measurements were obtained at night in a darkened chamber at different ambient temperatures. The measurements were obtained at 1-2 h after the birds fell asleep and the chamber temperature stabilized. The respiratory quotient was determined during these experiments. The energy metabolism was continuously calculated based on the calculated values of the respiratory quotient at a given moment of time. This series of experiments were performed at the start of the experiment, and after 25 species were measured, the results concerning one of these species were published [29] .
The values for oxygen consumption were obtained using an updated respirometer, and these values were corrected to standard pressure and temperature according to the equations of Depocas and Hart [30] .
The stoichiometric approach to calculation of total evaporative water loss and relationship between evaporative and non-evaporative heat loss Simultaneous determination of the energy expenditure and mass loss in resting birds was used to estimate their energetic equivalent of body mass loss (q). During the measurements of q, the birds were in the post-absorptive state, and because measurements were performed during the non-breeding, non-molting, non-migrating seasons of the year, no production (growth or reproduction) occurred during these measurements. The birds did not have drinking water, and they metabolized previously ingested food. I performed preliminary experiments to determine the time of a day (in 24-h cycle) when the loss of body mass of the bird was minimal and bird's rate of metabolism was constant. My data for both species were consistent with the results of previous experiments [3, [31] [32] [33] [34] . That is mass losses resulting from cloacal excretions and products of nitrogen metabolism remain very small 4 hours after feeding and they may be ignored. Therefore, the main variable affecting the q value is the pulmonary and cutaneous evaporation of water. This interrelationship is expressed as follows:
where C s is the energetic content (kJ/g) of the oxidized ingredient (fat = 39.7 kJ/g; carbohydrate = 17.6 kJ/g; protein = 18.4 kJ/g), D W is the mass of food oxidized during energy metabolism (in further calculations D W = 1 g), and D m is the loss of body mass comprising the following components:
where C s ·W/2.42 × 100 is the amount of water (g) necessary for the evaporative removal 1 % heat generated through the oxidation of W g compound of known
energetic content (C s ), %H e is the evaporative heat loss expressed as a percentage of total heat produced during the oxidation of any amount of this compound in the organism, cloacae discharge is the loss of body mass as excreted urine and feces, and D(CO 2 − O 2 ) is the difference in body mass gained from the oxygen consumed and the mass lost from the CO 2 released.
The q value, representing the energy equivalent of body mass lost, is associated with the level of respiratory evaporation. For example, at higher ambient temperatures, evaporation rapidly increases relative to the metabolic rate observed when birds pant. The relationship between the energy equivalent and the level of evaporation is readily quantified [25, 26, 31, 32, 35] .
During the oxidation of 1 g of fat, 39.7 kJ of heat is produced, and the mass of oxygen consumed is 0.07 g greater than the mass of carbon dioxide released, yielding 1.07 g of metabolic (oxidation) water.
During the oxidation of 1 g of fat, the mass of oxygen consumed is 0.07 g greater than the mass of carbon dioxide released, yielding 1.07 g of metabolic (oxidation) water, and 39.7 kJ of heat is also produced. Thus, in the absence of evaporation, the bird gains 0.07 g of body mass for each gram of fat oxidized as a result of metabolic water. The heat of water vaporization is 2.42 kJ/g. When a portion of the heat produced during metabolism is lost via evaporation, the loss of body mass (D m ) per 1 g of the oxidized substrate (fat) resulting from evaporative heat loss (H e ) is:
where %H e is the percent of total heat produced lost through evaporation. Considering the constant addition of mass resulting from excess metabolic water, which, with respect to loss of body mass, is a negative value, q is dependent on the proportion of body heat production lost via evaporation at rest during the oxidation of fat, determined as There are two unknown variables in this equation: q and %H e ; however, q is an experimentally determined value obtained at different ambient temperatures. Thus, %H e can be calculated as Upon the oxidation of 1 g of carbohydrate, 17.6 kJ of heat is released and 0.56 g of metabolic water is produced, and because the mass of released carbon dioxide is 0.44 g more than the mass of consumed oxygen, this variable is not associated with the loss of body mass through evaporation. Correspondingly, the dependence (4), (5) and (6) can be transformed into an exponential form. For fat metabolism, Eq. (4) is represented as Equation (7) facilitates the calculation of %H e for specific q values for fat metabolism, determined during the winter.
Evaporative heat loss for any combination of oxidized compounds can be calculated using this method. Our early work [36] [37] [38] , based on the change of the diurnal variations of body composition in finches and house sparrows during the annual cycle, suggested that during the summer period the ratio of oxidizable substrates at night was close to 0.7 for fat, 0.2 for carbohydrates and 0.1 for proteins. With such ratio of oxidizable substrates RQ must be equal to 0.
Oxidation of a molecule of Carbohydrate 6 O 2 
The regressions (7) and (9) were fitted using the leastsquares method of linear regression.
Total evaporative water loss is represented as where MR is the total heat produced at any T A , and %H e is the percent of total heat lost through evaporation at this T A . Therefore, a definite correlation between the energy equivalent and level of evaporative heat loss for any ambient temperature was observed. Because there is also a specific level of heat production for any temperature, it was possible to calculate the heat dissipated through evaporation at any ambient temperature and the amount of water spent to dissipate that amount of heat, as the evaporative heat of 1 g of water is equal to 2.42 kJ [39] .
The correlation of evaporative and non-evaporative heat loss was obtained as follows: starting with q, I calculated %H e for specific ambient temperatures from Eqs. (7) and (9), then H e was calculated from the total level of heat loss at specific ambient temperatures (0 °C for SMR, T lc for BMR, T uc for BMR, 25 °C for SRM 25°) as follows: H e = SMR × %H e /100 or H e = BMR × %H e /100 or H e = SRM 25° × %H e /100. The evaporative water loss (TEWL, in g/day) was calculated from the following equation: TEWL = H e /2.42. Deducting H e from the total heat loss (SMR or BMR), heat loss through conduction, convection and radiation (or non-evaporative heat loss, H s ) was as follows:
The TEWL can be used to determine the nonevaporative thermal conductance in birds. The determination of non-evaporative heat loss facilitated the calculation of heat loss through conduction, convection and radiation (8) where SMR is the standard metabolic rate at 0 °C, %H e1 is the percentage of evaporative heat loss at this temperature, BMR is basal metabolic rate, %H e2 is the percentage of evaporative heat loss at T A = T lc , T lc is the lower critical temperature and T A is the ambient temperature at which SMR is measured (in this case 0 °C).
Non-evaporative thermal conductance at high ambient temperatures (at T A = T uc , when the bird "undresses itself " to maximize heat loss, h max ):
where %H e3 is the percentage of evaporative heat loss at T uc , T uc is the upper critical temperature, and T B is the body temperature.
Calculations and statistical processing of the results were performed with the Statgraphics program package. All data are expressed as mean ± SD. Figures (including curve fits and correlation coefficients) were produced using the Harvard Graphic 3.0 software package. Linear curve fits are plotted in Figs. 2 and 3 , whilst the lines (10) h min = [(SMR − SMR × %H e1 /100)
for H e and %H e are polynomial curve fits. The relationships in this study were estimated by analysis of variance (ANOVA), and significance was determined by t test, as appropriate. The following abbreviations associated with statistics are used in this paper: n, sample size; p, statistical significance; t-test for independent samples: Variables for Summer and Winter were treated as independent samples r, Pearson's linear correlation; SD, standard deviation.
Results

Patterns of loss body mass
The decrease of birds' body mass progressively decrease after the last feeding during the first 3-4 h and subsequently proceeded at a constant speed (Fig. 2) . I considered that birds' alimentary canal became empty 4 h after the last feeding. RQ values in Melopsittacus undulatus and Chloris chloris at night in summer when ambient temperatures were in the range of 5-35 °C was 0.74-0.82 on average 0.77 ± 0.08 (n = 24). Such RQs can be at any ratio of oxidizable substrates: lipids, carbohydrates and protein. Differences were not significant between Chloris chloris and Melopsittacus undulatus (p > 0.05) and were significant in both species for Summer and Winter data (p < 0.05).
Data of metabolic rate, thermal conductance at lower and upper temperatures energetic equivalent of the lost body mass, lower and upper critical temperatures, evaporative and non-evaporative heat loss and total evaporative water loss
The data for the heat loss at rest BMR, standard metabolic rate (SMR) and the other associated values measured q, non-evaporative heat loss (H s ), evaporative heat loss (H e ), and TEWL for two species during two seasons are summarized in Tables 1, 2 , 3, 4. The data for the energetic profile for two species during the summer are presented in graphic form (Figs. 3, 4) .
The changes of resting metabolic rate depend on T A at night (Figs. 3, 4 top) and correspond to Scholander's model. Quantitatively, the metabolism or heat loss (SMR) is related to the T A by the following direct equation:
where h l is the coefficient of heat transfer or minimal thermal conductance.
The decrease in SMR ends when T A = T lc , gives a value of the basal metabolic rate (BMR). A further increase in T A energy expenditure remains unchanged, whereas the
birds pass from minimal wet thermal conductance (h l ) to maximal (h u ), attained at T A = T uc , h u = BMR/(T B − T A ), where T A = T uc .
Evaporative heat loss (H e ) dissipates 7.1-10.6 % of the heat at 0 °C, 15.8-18.8 % at T lc and 45.2-63.2 % at T uc . Based on the evaporative heat loss data, the non-evaporative heat loss at different ambient temperatures is then calculated. At low T A , the role of heat loss through evaporation is low, and nearly all the energy used in thermoregulation (SMR-BMR) is expended through conduction, convection and radiation. Evaporative heat loss increases significantly in the thermoneutral zone, even though the birds increase their thermal conductance. The determination of non-evaporative heat loss allows for calculation of heat loss through conduction, convection and radiation via body insulation. The non-evaporative thermal conductance at different ambient temperatures (h min and h max ) was calculated (see Table 3 ).
Within the thermoneutral zone, the thermal conductance changes with changes of the temperature from minimum (h min ) to maximum at T uc (h max ). The h min does not differ significantly from thermal conductance, including the evaporative heat loss of the entire bird at low T A − h l . The proportion of heat dissipated by water evaporation at T A below T lc is small and nearly the same at different T A values below T lc . Evaporative heat loss decreases only at very low T A (<−20 °C). At high T A , non-evaporative thermal conductance differs from wet thermal conductance-h u , reflecting the increased role of evaporative heat loss.
Discussion
Comparison of predicted rates of evaporative water loss from allometric equations and data of this study
Comparison of predicted rates of evaporative water loss from allometric equations from literatures and this study is shown in Table 4 . The analysis shows that determinations by stoichiometric approach of total evaporative water loss yielded the values, which fit
Table 1 Thermoregulation energetics at rest at night in Budgerigar and European Greenfinch in summer (S) and in winter (W)
Abbreviations: n number of measured birds, m average body mass (g), SMR energy expenditure at rest at night at T A = 0 °C or standard metabolic rate at T A = 0 °C (kJ/ bird day), h l thermal conductance at rest (night) at low temperatures (kJ/bird day °C), h u thermal conductance at rest (night) at upper critical temperature (h u = BMR/ (T B − T uc ) (kJ/bird day °C) T lc , lower critical temperature (Table 4) . I propose the new theoretical conception of stoichiometric approach in determining total evaporative water loss. Simultaneously I use the metabolic rate (oxygen consumption) of the bird at different T A for determination the ration between evaporative and non-evaporative heat loss. The based assumptions remains the same as Lasiewski et al. [15] ones, but include now the energy expenditure in birds. As it was shown above, stoichiometric approach provides adequate data of TEWL. A major advantage of this method for determining TEWL is that condensation or freezing of water vapor does not affect measurement accuracy at low ambient temperatures, as it is in the case of measurements of humidity, dew point, or water vapor pressure.
The relationship between evaporative and non-evaporative heat loss and the bird ability to change heat loss A bird can either change its heat generation at the same ambient temperature or retain heat generation at a constant level during changes in the ambient temperature [4, 40, 41] and others). Recently, I have shown that heat loss by thermal conductance (h min and h max ) depends on T A and is theoretically equal to zero at T A = T B [34, 42, 43] . In these studies, I suggested an experimental model that represents changes in the main endothermic animal energy parameters, which are dependent on T A [34] , Fig. 5) .
The primary components of energy metabolism are minimal and maximal heat loss. Minimal and maximal heat losses consist of heat loss through conduction, convection, radiation, and evaporation. Because of the estimation of evaporative heat loss, the non-evaporative heat loss at different ambient temperatures may be obtained because the non-evaporative heat loss is equal to the total heat loss minus the evaporative heat loss. Minimal (Q min ) and maximal (Q max ) non-evaporative heat loss
Table 3 Different thermal conductance at rest with evaporation and non-evaporation in Budgerigar and European Greenfinch in summer (S) and in winter (W)
Abbreviations: h l thermal conductance at rest (night) at low temperatures (kJ/bird day °C), h u thermal conductance at rest (night) at upper critical temperature (h u = BMR/(T B − T uc ) (kJ/bird day °C), h min minimal nonevaporative thermal conductance at rest (night), h min (SMR − SMR × %H e1 /100) − (BMR − BMR × %H e2 /100)/ (T lc − T A ) (kJ/bird day C), where SMR is standard metabolism at 0 °C, %H e1 is the percentage of evaporative heat loss at this temperature, BMR is basal metabolism, %H e2 is the percentage of evaporative heat loss at T A = T lc , T lc is the lower critical temperature and T A is the ambient temperature at which SMR is measured (in this case 0 °C); h max , maximal nonevaporative thermal conductance at rest (night), h max = (BMR − BMR × %H e3 /100)/(T B − T uc ), (kJ/bird day °C), where %H e3 is the percentage of evaporative heat loss at T uc , T uc is the upper critical temperature, T B is body temperature. Average body mass and number of measured bird as in Table 1 Differences Table 4 Comparison of predicted rates of evaporative water loss from allometric literature equations and data of this study are products of h min or h max, respectively, and of the difference between the body temperature and the ambient temperature. Therefore, the minimal (Q min ) and the maximal (Q max ) heat losses are described by the following equations:
where Q max depends on the ambient temperature similar to Q min . The maximal and minimal non-evaporative heat loss (Q min and Q max ) depend on T A and are theoretically equal to zero at T A = T B , and both Q min = h min (T B − T A ) ≈ SMR and Q max = h max (T B − T A ) ≈ MPE (maximal existence metabolic rate or maximal consumption of energy from food) exactly follow Newton's law in Scholander's interpretation. This explains many different components of endotherm energetics. Between these two heat losses
converging at T A = T B , there is an area in which animals can function for long periods (MT-metabolic temperature area). Respiratory heat loss widens this range towards high T A (shown hatched in the figure) ; however, existence at these ambient temperatures is possible only at a high level of water evaporation and, consequently, at its compensation. The measurement data show that there are no differences in the mean non-evaporative thermal conductance between passerine and non-passerine species, both at maximal (h min ) and at minimal (h max ) insulation. For 26 species of passerine and 16 non-passerine, I showed that h max is approximately four times higher than h min . In both groups, h max and h min change with changes in body mass in a similar manner, and the slopes of the regression lines at h min and h max are identical [34] . This observation indicates that birds are capable of dissipating different amounts of heat simultaneously without intensifying evaporative heat loss, and this amount may differ four-fold. The following equation:
is true. Minimal non-evaporative thermal conductance (h min ) essentially corresponds with wet thermal conductance measured by metabolic increase under cold load [5, 7, 34, [44] [45] [46] [47] and exactly corresponds to the thermal conductance that is measured by the rate of cooling in bird carcasses [2] . The measurements of Herreid and Kessel [2] on skinned bird carcasses showed that the thermal conductance in these birds increases four-fold compared to intact carcasses as follows:
Notably, the two techniques for the estimation of h max (Herreid and Kessel and my own) yielded similar results. However, the reason why the rate of cooling in a skinned bird carcass is four times higher than an intact carcass is because the feathery insulation reduces convective, radiant and evaporative losses from the skin because the feather-air interface temperature is much closer to the environmental conditions than it would be if the bare skin were exposed to those same environments. The mass of the torso is part of the thermal capacitance in a transient and its skin temperature is influenced by the external environment which, in the case of feathers being present, means that it cannot cool nearly as quickly because it cannot dissipate the heat as quickly to the environment.
The ability to alter heat loss without changing the level of heat production is proportional to the expression h u /h l , which, when the dependencies of h u and h l on m are substituted, produces the following relationships: Chloris chloris:
The differences between the S and W values for both Passeriformes and non-Passeriformes are insignificant.
These results and the data for another 26 species of passerine and 16 non-passerine [34] indicates that passerine and non-passerine species do not differ significantly and do not show seasonal variations. Because h u includes an essential share of heat loss through evaporation, it is important to determine the possible changes in heat loss that result only from a change in the nonevaporative thermal conductance that is proportional to h max /h min as follows:
Melopsittacus undulatus
Chloris chloris
These data indicate that passerines and non-passerines species change their non-evaporative heat conductance the same number of times, which is approximately four, and that their abilities in this respect are similar. This result indicates the similarity of morphology and circulatory systems between these groups, the similarity of plumage properties and the mechanisms by which these groups change their thermal conductance. Notably, the minimal and maximal heat losses include heat loss through plumage, uncovered skin surfaces and vasomotor reactions.
The ratio h max /h min primarily indicates the level of development of systems responsible for blood circulation and respiration. The increase in this parameter indicates the greater functional status of these systems, considerably facilitates any activity, and primarily enhances motility. However, the increase in this ratio causes decreased efficiency of the transformation of the metabolic rate to mechanical power. The latter is inversely proportionate to the ability to dissipate heat, the inverse ratio of h min /h max . Therefore, the ratio h max /h min = 4 is characteristic for all endothermic animals and most likely results Winter h max /h min = 6.8/1.8 = 3.8 ≈ 4
Summer h max /h min = 7.0/1.8 = 3.9 ≈ 4. Fig. 5 Model of daily energy expenditure in an endothermic animal for an unlimited period from [34] . Daily energy expenditure (DEE) is based on experimentally determined dependencies of energy parameters on ambient temperature (T A , °C): DEE = h min (1 − aα) (T B − T A ) + aBMR, where DEE is the daily energy expenditure at any activity level (a) and ambient temperature; h min , the minimum degree of change in nonevaporative heat dissipation (thermal conductance) at rest h min = BMR s /T B − T lc ; h max , the maximum degree of change in nonevaporative heat dissipation (thermal conductance) at rest h max = BMR s /T B − T uc ; h max = 4h min ; α = 1/4, the coefficient of efficiency in converting metabolic into mechanical power (i.e., into work output); T B , the body temperature (40 °C in birds); BMR, the basal metabolic rate; T Ic , the lower critical temperature; T uc , the upper critical temperature; T ll , the lower limit of species temperature tolerance; Q min = SMR = h min (T B − T A ), the minimum heat dissipation or standard metabolic rate; Q max = h max (T B − T A ), the maximum heat dissipation; EM = h EM (T B − T A ) + BMR, the existence metabolism; a, the activity level (at a = 0, DEE = SMR; at a = 1, DEE = EM); and MPE = h max (T B − T lc ) = 4BMR, the maximum potential existence metabolism. MAM is the maximum aerobic metabolism. The hatched zone corresponds to the evaporative heat dissipation from a reasonable compromise between decreasing activity (BMR) and the minimal expedient value of efficiency of the transformation of the metabolic rate to mechanical power during activity. This is confirmed by an increase in efficiency with body size because large-bodied animals display lower levels of activity.
( )
I propose that the maximal daily multiple value at BMR with relation to the daily energy expenditure (DEE) is determined experimentally with Eq. (12): h max = 4h min . According to equation number (1), birds, with no increase in evaporation at lower critical temperature, can dissipate 4BMR of heat regardless of their size, and their maximal metabolic power at this temperature may be equal to 4BMR per day for an unlimited period of time. This is corroborated by experimental data on the potential energy for both birds and mammals. The equations do not differ significantly from those of Calder for H max , Watt = 4.6 m 0.65 (m, g) [48] , and correspond to Saarela et al. [49] and the equation ME max , Watt = 2.8 m 0.72 (m, g) [50] . However, because no distinction was made in this study between passerines and non-passerines, they do differ in the exponent. This does not contradict the fact that metabolic power may considerably exceed this level during short time periods. For example, the daily energy expenditure in some species may reach 10-12 BMR over several days, but considerable time is required to replenish the energy stock.
As discussed above, the ability to change thermal conductance in endothermic animals is determined by the change of thermal conductance of the proper external tissues (plumage or wool) and also significantly affected by blood flow regulation for thermoregulation and locomotor activity. This observation indicates that the greater the h max /h min relationship, the better the arrangement of the circulatory system, and this provides many advantages for any type of activity. The ratio h max /h min = 4 is true for both passerine and non-passerine species and is important for understanding bird energetics [34] .
Conclusions
Evaporation is a necessary attribute of the conservation of heat balance, but is largely derived from the metabolic rate, ambient temperature and relative humidity. Evaporation is caused by different gradients of water absorption at various temperatures and the difference between the density of saturating vapor and the actual density of vapor in the system from the surfaces of respiratory organs and skin. The experiments were performed at a relative normal humidity, and we did not use dried air, which stimulates evaporation.
The basal metabolic rate and non-evaporative thermal conductance are fundamental parameters of energetics and determine the level of physiological organization of an endothermic animal. Both parameters reflect the peculiarities of the circulatory and respiratory systems and the structure of the external covers. Non-evaporative thermal conductance is largely reflects the architecture of the circulatory system and vasomotor reactions. Therefore, the basal metabolic rate and non-evaporative thermal conductance are integrated parameters of the functioning of the systems associated with the assimilation of oxygen and maintenance of constant body temperature.
